INTRODUCTION
Bacteria of the genus Burkholderia have been isolated from diverse environments and have significant interactions with both plants and animals. Some Burkholderia spp.
are human pathogens, including B. cepacia (8) B. pseudomallei (38) and B. mallei (30) . In plants, the relationship can be beneficial, preventing disease or promoting growth, nodule formation or nitrogen fixation (7) . Alternately, the relationship can be deleterious, 25 causing disease (28) . However, the niches of the majority of Burkholderia species likely are in plant rhizospheres where they involve non-pathogenic interactions (8) . Catabolic diversity is an expected characteristic of Burkholderia species, permitting them to exploit the vast range of compounds synthesized by plants.
Burkholderia xenovorans LB400 was isolated from a PCB-contaminated landfill 30
in New York State (16) . The genome of LB400 was recently sequenced and annotated (5) . This large bacterial genome is 9.7 Mbp and is comprised of three replicons, chromosome 1 (4.87 Mbp), chromosome 2 (3.36 Mbp) and a megaplasmid (1.47 Mbp), containing ~9000 predicted genes. Much of the work on LB400 prior to genome sequencing focused on its metabolism of biphenyl and polychlorinated biphenyls; 35 however, sequencing of the genome has revealed several other metabolic capabilities.
Studies on LB400 in a genomic context have included those focusing on biphenyl, as well as, benzoate, and C1 metabolic pathways (11-13). An additional catabolic capacity of LB400 was suggested when we previously identified 22 clustered genes in LB400 that are homologous to genes in the dit cluster of Pseudomonas abietaniphila BKME-9 (33), 40 forest environments. Also, accumulation of diterpenoids during pulp and paper manufacturing is the major contributor to the toxicity of effluents from this industry (1, 17) . Research on the microbial removal of these compounds by wastewater treatment systems has been the driving force behind investigations of their degradation. Studies of 50 abietane diterpenoid catabolism by BKME-9 led to a proposed convergent dioxygenolytic pathway, involving a cytochrome P450 monoxygenase, a ring hydroxylating dioxygenase, and a ring cleavage dioxygenase. A range of bacteria, including members of Burkholderia, were previously found to mineralize abietane diterpenoids (24) . However, LB400 is the first such bacterium for which a complete genomic sequence is available, 55 permitting genomic investigation of abietane diterpenoid catabolism.
In this report we describe for the first time growth of LB400 on four abietane diterpenoids. Using microarray transcriptomic analysis, we provide evidence that a single large cluster of LB400 dit genes encodes catabolism of DhA, the most abundant abietane, and associate a number of previously unrecognized genes with DhA catabolism. By 60 knockout analysis, we tested the essentiality of ditA1, encoding a ring-hydroxylating dioxygenase, for abietane catabolism. With cell suspension assays, we compare metabolism of abietane diterpenoids by LB400 and BKME-9 and show evidence for novel routes for AbA and PaA degradation.
MATERIALS AND METHODS 65
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli was cultured on Luria-Bertani Medium for strain DitA1KO additionally contained 10 mg/ml of gentamycin. 75
Cell suspension assays. LB400 and DitA1KO were cultured on succinate to midlog phase (OD 600 0.4 to 0.6) and transferred three times, sequentially. The third transfers contained 1 L medium and were harvested by centrifugation for 10 minutes at 8800 X g, washed with K1 salts containing neither vitamins nor Hunter mix, and suspended at an OD 600 of ~3.0 in K1 medium. Each culture was then divided into 4 aliquots of ~50 ml 80 that were amended with 300 µM AbA, DhA, PaA, or 7-oxo-DhA. Control cell suspensions were prepared and incubated as above, however cells were boiled for approximately 15 minutes prior to addition of abietane diterpenoids. Samples of 1.5 ml were collected at various time points, acidified with 2 to 3 drops of 1 M HCl and frozen at -20 o C for later analysis by gas chromatography-mass spectrometry (GCMS). 85
After thawing samples, an internal standard of 12,14-dichlorodehydroabietic acid was added to each to a final concentration of 50 µM, samples were extracted twice with equal volumes of ethyl acetate and pooled extracts were dried over anhydrous Na 2 SO 4 .
Analytes were derivatized using diazomethane. GC electron impact (EI) mass spectrometry of methyl ester derivatives was conducted as previously described (33) , 90 using an Agilent Technologies 6890N Network GC system equipped with an Agilent 5973 Mass Selective Detector. National Institute of Standards and Technology (NIST) MS Search (2.0) was used to analyze mass spectral data.
Transcriptome cultures. For analysis of succinate-grown cells, LB400 was cultured on succinate to mid-log phase and transferred three times, sequentially. The third 95 transfers were in duplicate and contained 200 mL medium. After approximately 18 hours incubation, cultures reached mid-log phase (OD 600 of 0.5) and cells were harvested as described below. For analysis of DhA-grown cells, LB400 from a second serial culture on succinate (as described above) was transferred to medium with DhA, at an initial OD 600 of 0.01. 100
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After approximately 140 hours incubation, the culture had reached late-log phase (OD 600 of 0.15), and cells were transferred to fresh DhA medium at an initial OD of 0.001. After approximately 48 hours of incubation, the culture had reached a mid-to late-log phase (OD 600 of 0.07 to 0.1), and cells were transferred to two 300-ml aliquots of fresh DhA medium at an initial OD 600 of 0.001. After approximately 45 hours of incubation, these 105 cultures reached mid-log phase (OD 600 0.065 and 0.057), and cells were harvested.
Harvesting Cells. Several aliquots of approximately 10 9 cells were collected for RNA extraction from each culture (10 ml of succinate-grown cultures or 100 ml of DhAgrown cultures). Immediately after incubation was halted, cultures were cooled on ice and an amount of 5% phenol in ethanol equal to 10% of the culture volume was added 110 and mixed by inversion. Cells were harvested by centrifugation at 8800 X g at 4 o C. A 1.0-ml volume of supernatant from each culture was removed and transferred to a 1.7-ml Eppendorf tube. The remainder of the supernatant was decanted, and the pellets of succinate-or DhA-grown cells were suspended in a small amount of the supernatant (removed in the last step) plus RNAlater (Qiagen). The cell suspensions were then 115 transferred to 1.7 ml Eppendorf tubes, frozen in liquid nitrogen and stored at -80 o C.
RNA extraction and aminoallyl labelling. RNA extraction and aminoallyl labelling were performed as described in (12) . Briefly, RNA was extracted using the RNAeasy RNA extraction kit (Qiagen) as per manufacture's instructions. Nucleic acid content was quantified by UV spectroscopy. Following RNA extraction, samples were 120 treated with DNase I (Roche) as per manufacture's instructions for 30 min at room temperature. The sample was then phenol/chloroform extracted and allowed to air dry for ~ 5 minutes. The pellet was then suspended in nuclease-free water and heated at 50 o C for 5-10 minutes to dissolve RNA. UV spectroscopy was used to determine RNA quantity of and purity. Amino-allyl-labeled cDNA was synthesized using a protocol adapted from 125 Scanning and data analysis. Microarray scanning and data analysis were conducted as previously reported (11). Briefly, microarrays were scanned using an Axon 155 4000B (Axon Instruments) scanner and data files were extracted using Genepix 5.0 (Axon Instruments). Data from two genomic sub-chips were merged and median signal intensity for both 635-nm (Cy5) and 532-nm (Cy3) were imported into Genespring 7.0 (Silicon Genetics) and normalized using Lowess intensity-dependent normalization. A Bayesian moderated t-test (34) (14) and plotted to assess normalized data quality (Supplementary containing a 5'EcoR I restriction site extension (underlined). The resulting 2.1-kbp amplicon and pDS2 were digested with EcoR I and AscI. Digested pDS2 was run on a 1.0% agarose gel and a 6939-bp fragment was extracted from the gel using a Qiaquick gel extraction kit (Qiagen). The 2.1-kbp amplicon and 6.9-kbp pDS2 fragment were ligated to generate pDS3, and this was used to transform, by electroporation, mobilization 190 strain, E. coli S17-1. Homologous recombination of the mutated allele into strain LB400 was accomplished by diparental conjugation using a filter membrane essentially as described in (10) . Briefly, E. coli S17-1 containing pDS3 and LB400 were grown overnight on LB with 10 mg/ml gentamycin and LB without NaCl, respectively. Fresh LB with 10-mg/ml gentamycin and LB without NaCl were inoculated (10%) with the 195 respective overnight cultures and the new cultures were grown until the OD 600 reached 1-1.5. One ml of the donor cells (E. coli S17-1 containing pDS3) was washed 2 times with LB and suspended in 1 ml of LB. Next, 100 µl of donor cells and 100 µl of recipient cells were suspended in 0.8% sterile saline and vortexed for 10 seconds at medium speed. The mating mixture was then transferred to a 5-ml syringe and filtered with a 0.22 µM 200 cellulose filter (Millipore GV type) in a reusable filter case. The filter was then removed with forceps and placed with the cells on the upper face on an LB without NaCl plate and incubated for ~24 hours at 30 o C. The filter was then removed with forceps and washed by vortexing in 5 ml of sterile saline, which was then plated on K1 purified 1.5% agar plates supplemented with 1 g per litre pyruvate plus 10 mg/ml gentamycin, followed by a two 205 step selection method as previously described (21) . Homologous recombination was confirmed by PCR amplification of a 3350-kb fragment using primers P1 and P4 at an annealing temperature of 56.3 o C identified on an agarose gel. The lack of a 1.7-kbp band, and gentamycin resistance further confirmed the desired construct. The 3350-kbp fragment was also sequenced using primers P1 and P4, and the resulting sequence was 210 the expected insertion sequence.
RESULTS
LB400 growth on abietane diterpenoids. In growth assays, strain LB400 catabolized the abietane diterpenoids, AbA, DhA, PaA, or 7-oxo-DhA, using each as a sole source of carbon and electrons (Table 2) . LB400 failed to grow on the pimarane 215 diterpenoids, isopimaric acid and pimaric acid. Initial lag phases preceding growth on the abietanes were long and variable. The lag phase was shortest on the more soluble, aromatic compounds, 7-oxo-DhA and DhA, and longer on the less-soluble, non-aromatic compounds, AbA and PaA. While the lag phase on PaA was almost double of that on DhA, the doubling times and yields were similar on the two compounds. 7-oxo-DhA and 220
AbA supported much lower maximum final protein concentrations and growth yields than DhA or PaA. Maximum rates of LB400 growth coincided with maximum rates of substrate removal, and entry into stationary phase coincided with complete removal of the substrates.
Inocula for initial LB400 growth assays on abietane diterpenoids were grown on 225 succinate, as described in the materials and methods. When cells grown on DhA were transferred to fresh medium with DhA, the lag phase was reduced from over 130 hours to less than 24 hours, and the doubling time was reduced from 17 to approximately 8 hours.
Further transfers on DhA resulted in minimal change in growth kinetics. A similar effect was observed with serial transfers on AbA, PaA and 7-oxo-DhA. 230
Up-regulated genes. There were 97 significantly up-regulated genes (>2-fold increase in signal intensity, p < 0.05) in LB400 grown on DhA compared to on succinate (Supplementary Table 1 ). The most striking feature of the DhA transcriptome was a single cluster of 72 genes, from BxeC0578 to BxeC0649, in which 43 genes were significantly up-regulated (Table 3 , Fig. 1 ). The cluster is located on the LB400 235 megaplasmid and, based on patterns of expression, gene orientation and gene proximity, encompasses 10 putative mRNA transcripts that were up-regulated. The cluster contains all of the 22 LB400 genes previously identified as homologs of BKME-9 dit genes (33) as well as a number of additional genes likely involved in catabolism. The cluster contains all of the 17 up-regulated genes from the orthologous group of proteins (COG) 240 group Q, which comprises genes encoding metabolite biosynthesis, transport, and catabolism. This cluster also contains 10 of 16 up-regulated genes from COG group I, which comprises lipid metabolism and is the group with the greatest number of genes upregulated on DhA. Many of these genes encode enzymes that catalyze beta-oxidation type reactions, which are expected to be important in the later stages of abietane 245 degradation, after cleavage of the ring structures to branched, substituted alkanes.
Because of its putative role of the above gene cluster in diterpenoid catabolism, we refer to it as the LB400 dit cluster.
There were additional noteworthy groups of contiguous and functionally related genes up-regulated on DhA and located outside of the dit cluster. One such group 250 (BxeB2300, BxeB2300 and BxeB2302) encodes citrate/aconitate metabolism, which may reflect modulation of central metabolism to accommodate abietane diterpenoid catabolism. Three up-regulated genes, including two linked genes (BxeB2301, BxeB2302, and BxeB1203) encode the necessary steps for catabolism of propionyl-CoA, which commonly results from alkane degradation. Two up-regulated groups of genes 255 putatively encode sulfate uptake (BxeA2467, BxeA2469 and BxeA2470) and sulfate metabolism (BxeA3659, BxeA3660, BxeA3663, BxeA3664, and BxeA3671). However, 
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DitA1KO.
To confirm that the LB400 dit cluster contains genes required for 280 abietane degradation, we generated a knockout of ditA1, hypothesized to be essential for abietane diterpenoid degradation. The resulting strain, DitA1KO, lacks the alpha-subunit (catalytic subunit) of a ring-hydroxylating dioxygenase system, DitA. After 400 hours of removed AbA, DhA, PaA or 7-oxo-DhA completely; whereas, DitA1KO only slightly reduced concentrations of these substrates (Fig. 2) . As previously reported for other strains (23) , boiling the cells prior to incubation, nearly abolished removal of abietane diterpenoids; however, some initial removal (< 20%) was detected. In these cases, no 290 metabolites were formed. Therefore, removal was likely the result of sorption of diterpenoids to the cells or the culture tubes, rather than metabolism.
7-Oxo-DhA was detected in both wild-type and DitA1KO cell suspensions (Fig.   2 ). With AbA, DhA, or PaA, wild-type LB400 transiently accumulated small amounts of 7-oxo-DhA, which were completely removed within 144 hours in all cases (not shown). . This fragmentation pattern corresponds to that reported for 7-oxo-DhA (37), except all of the major ions are 2 mass units greater that the corresponding ones from 7-305 oxo-DhA (Fig. 3) .
In cell suspensions of both wild-type LB400 and DitA1KO with PaA, DhA was initially present as a contaminant of the PaA substrate and was stable or gradually increased to a maximum concentration at 72 hours (Fig. 2) . After 96 hours, all (24) and (26)). However, in our initial growth tests, LB400 exhibited a much longer lag phase and lower growth rate (Table 2 ) than other characterized abietane-degrading bacteria (23, 33) . 320
The reason for this lag phase is unclear, but the time seems too long to be solely due to genetic induction. Most abietane degraders were obtained from sources such as forest soil, pulp and paper mill effluent or bioreactors via selective enrichment on abietanes, which would have selected organisms growing relatively fast on abietanes under the enrichment conditions. By contrast LB400 was not obtained via such enrichment, and is 325 unlikely to be competitive under such enrichment conditions. However, growth yields of LB400 on DhA were similar to those of abietane degraders such as Sphingomonas sp.
DhA-33, Zoolgea sp. DhA-35 and Pseudomonas abietaniphila BKME-9 (24, 33).
Further, after multiple passages on abietanes, LB400 cultures attained shorter lag phases and higher growth rates typical of other abietane degraders. Under conditions where 330 abietanes are continuously available, such as wastewater treatment systems or perhaps some plant-associated environments, LB400 would grow at similar rates as other abietane degraders and would potentially be competitive with those organisms.
The LB400 dit cluster. From the sum of the evidence, it is clear that many of the 72 genes in the LB400 dit cluster are directly responsible for DhA catabolism, and it 335 seems likely that the cluster encodes most of the proteins necessary for degradation of
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on July 13, 2017 by guest http://jb.asm.org/ Downloaded from abietanes to central metabolites. The LB400 dit cluster contains homologs of all but one gene previously associated with abietane catabolism. These comprise 22 genes of the Pseudomonas abietaniphila BKME-9 dit cluster (33), seven of which are also in the Pseudomonas diterpeniphila A19-6a tdt cluster (25) . The sole outstanding gene not found 340 in LB400 is ditE from BKME-9, encoding a putative permease of the major facilitator superfamily. The homologous genes from the three strains have very high similarity, at least 49% identity of transcribed proteins. From our fragmentary knowledge of the BKME-9 dit cluster and A19-6a tdt cluster, it further appears that gene order is also partly conserved among the three organisms. 345
This and previous studies provide additional evidence through knockout analysis for the roles in abietane degradation of several of the LB400 dit cluster genes, which were up-regulated on DhA. Our analysis of the DitA1KO strain confirms the essentiality of ditA1, encoding the alpha-subunit of a ring-hydroxylating dioxygenase, for catabolism of all four abietane diterpenoids tested, which is consistent with a previous findings for 350 ditA1 in BKME-9 (21). Through previous gene knockout analysis, very similar orthologs of six additional genes of the LB400 dit cluster were shown to be required for abietane diterpenoid metabolism. These orthologs include ditA3, ditC, ditF, ditH and ditI in BKME-9 (20) as well as tdtL (orthologous to ditJ) in A19-6a (25) .
This study substantially increases the number of genes and proteins associated 355 with diterpenoid degradation. When LB400 grew on DhA, a majority of the dit cluster genes, at least 43, plus others in several smaller clusters, were up-regulated. Of the upregulated LB400 dit cluster genes, 22 were not previously associated with abietane degradation. The latter genes encode proteins responsible for beta-oxidation, transport and general catabolism, which are functions logically involved in abietane catabolism. 360
Genes in the cluster not up-regulated on DhA may have other roles, possibly including catabolism of other abietanes. We have not excluded the possibility that some genes in the dit cluster are unrelated to abietane catabolism. (35) . The genomes of Burkholderia spp., including LB400, are rich in insertion sequences (19) . The LB400 megaplasmid contains several transposases, including several flanking the dit cluster (BxeC0485 to BxeC0490, BxeC0519 and BxeC0670 to BxeC0672); whereas, no 370 transposase genes were identified within the dit cluster. Further, the GC content of the LB400 dit cluster is 64.9% versus 61.7% for the total megaplasmid and 62.6% for the total genome. Chain et al. (5) reported the presence of the dit cluster of genes in two additional B. xenovorans strains, LMG21720 and LMG16224, both able to grown on AbA or DhA. (T. Tsoi, personal communication). Interestingly, one of these strains did 375 not contain a megaplasmid, implying that the dit cluster was encoded on chromosome 1 or 2 of that strain. As mentioned above, at least part of the LB400 dit cluster is conserved in Pseudomonas abietaniphila BKME-9 (33) and P. diterpeniphila A19-6a (25) . Further, a cluster of genes with high sequence identity and similar gene arrangement to that of the Table 3 ). The RND permease, encoded by BxeC0645, seems particularly likely to play a 390 role in abietane uptake. This deduced protein contains 835 amino acids, with 12 predicted transmembrane subunits (TMS) and 2 large hydrophilic extracytoplasmic domains, between TMS 1 and 2 and between TMS 7 and 8. Members of this family are found among diverse phyla and participate in a wide range of transport activities (36) . Analysis of the protein encoded by BxeC0645 using the Prosite database 395 (http://www.expasy.org/prosite/) identified a sterol-sensing domain (residues 278-400), comprised of five predicted membrane-spanning helices with short intervening loops. A similar sterol-sensing domain from a purified hamster protein involved in lipid homeostasis was shown to directly bind cholesterol (29) . Another member of the RND family, NPC1L1, also containing a sterol-sensing domain, was found to facilitate 400 intestinal cholesterol absorption in mice (2) . Given the structural similarity between steroids and abietanes, these findings suggest that BxeC0645 may encode a diterpenoid transport protein responsible for uptake of DhA, a possibility supported by the location of BxeC0645 in the dit cluster and its relatively high level of up-regulation on DhA. Genes BxeC0646 and BxeC0648 appear to be co-transcribed with BxeC0645 and encode 405 conserved hypothetical proteins containing signal peptides, which may also function in a membrane-associated transport system. Abietane metabolism. Cell suspension assays of LB400 and DitA1KO show that the abietane diterpenoid catabolic pathway of LB400 is similar to the convergent pathway proposed for BKME-9 (33) and differs from that proposed for Arthrobacter sp. and 410
Flavobacterium resinovorum (as reviewed in 18). The former involves a 7-oxo-DhA intermediate (Fig. 4) ; while, the latter proceeds through a 3-oxo-DhA intermediate.
Previously, we showed evidence that BKME-9 hydroxylates DhA, AbA, and PaA at C7, forming 7-hydroxy-DhA. This metabolite was identified in the supernatant of Alcaligenes eutrophus growing on DhA (3). Oxidation of the C7 alcohol to a C7 ketone by an as-yet-415 unidentified dehydrogenase would form 7-oxo-DhA. 7-oxo-DhA was shown to be the substrate of the DitA BKME-9 ring-hydroxylating dioxygenase, which, with a putative cis-
on July 13, 2017 by guest http://jb.asm.org/ Downloaded from dihydrodiol dehydrogenase, forms 11,12-dyhydroxy-7-oxo-DhA (21) . Accordingly, 7-oxo-DhA accumulated in BKME-9 ditA1 knockout mutants metabolizing DhA (21) . In agreement with the above reports, we observed that wild-type LB400 accumulated small 420 amounts of 7-oxo-DhA during metabolism of DhA, and DitA1KO accumulated much larger amounts of 7-oxo-DhA from DhA (Fig. 2) .
Formation of 7-oxo-DhA during AbA and PaA metabolism by LB400 appears to occur through a 7-oxo-PaA intermediate (Fig. 4) . Supporting that pathway, 7-oxo-PaA, was detected in both wild type and DitA1KO cell suspensions metabolizing AbA or PaA 425 but not those metabolizing DhA. Although it was not identified, the same metabolite was previously detected in cell suspensions of a BKME-9 ditA1 mutant incubated with PaA (20) , suggesting that this pathway is common to both BKME-9 and LB400. Previously, we demonstrated the partial transformation of PaA to DhA by BKME-9, involving aromatization of the C ring (33) . Possible increases of DhA in both LB400 wild type and 430 DitA1KO cell suspensions metabolizing PaA (Fig. 2) are consistent with LB400 also catalyzing this transformation, but the evidence is not as clear as it was for BKME-9.
This transformation may comprise a second route for PaA degradation, with relative fluxes of PaA through the two pathways being uncertain.
Oxygenase electron transport systems. Analysis of the LB400 dit cluster sheds 435 light on the subunit composition of oxygenase systems involved in abietane catabolism.
Frequently, genes encoding the components of multicomponent oxygenases are located in a single operon, as for the LB400 bphAEFG genes, encoding biphenyl dioxygenase (12) .
By contrast, the LB400 dit cluster encodes three oxygenase systems, DitA, DitQ and DitU, lacking obvious electron transport systems. Such electron transport systems are 440 comprised of a ferredoxin plus a ferredoxin reductase and are essential for activity of the catalytic subunits. The catalytic subunit genes, ditA1A2 and ditQ were up-regulated on DhA, while ditU was not (Table 3 , Fig. 1 ). Within the LB400 dit cluster, but not directly linked to the catalytic subunit genes, are genes encoding two ferredoxins (BxeC0601 and
ditA3) and a putative ferredoxin reductase (BxeC0579). These three genes were all up-445 regulated on DhA, and no other paralogous genes outside of the dit cluster were upregulated. Thus, BxeC0579 and one or both of the ferredoxin genes likely encode electron transport components of oxygenases involved in DhA degradation.
Previous studies of DitA BKME-9 strongly suggest that ditA3 encodes a ferredoxin that functions with DitA LB400 . DitA3 LB400 is 56.7% identical to the 3Fe-4S ferredoxin, 450
DitA3 BKME-9 (9), while the ferredoxin encoded by BxeC0601 is only 8.4% identical to DitA3 BKME-9 and is a 2Fe-2S ferredoxin. In BKME-9, knocking out ditA3 abolished the ability to grow on abietanes (20) . Further, a functional 7-oxo-DhA dioxygenase system was demonstrated by expressing DitA1A2A3 BKME-9 in E. coli (21) . The DitA3 BKME-9 ferredoxin was essential to this system, while the E. coli host provided a surrogate 455 ferredoxin reductase. The possibility that the ferredoxin encoded by BxeC0601 can also function with DitA LB400 has not been ruled out, and it remains unclear which ferredoxin(s) function with the P450 monooxygenases, DitQ and DitU.
This study complements previous fragmentary evidence for a ferredoxin reductase for DitA BKME-9 and suggests that the putative ferredoxin reductase encoded by BxeC0579 460 functions in one or more of the dit oxygenase systems. This gene was previously annotated as encoding a putative pyridine nucleotide-disulphide oxidoreductase, but several lines of evidence support changing that annotation. This protein shares 51% amino acid sequence identity with ThcD from Rhodococcus erythropolis (27) and 50%
with EthA from Rhodococcus ruber (6) , which serve as ferredoxin reductases in P450 465 systems involved in the degradation of S-ethyl dipropylcarbamothiolate and ethyl tertbutyl ether, respectively. A fragment of a ferredoxin reductase gene, essential for growth of BKME-9 on DhA, was identified in through transposon mutagenesis (22) . Sequencing the region flanking a transposon insertion, which abolished growth on DhA, revealed a gene fragment encoding a 119-amino-acid sequence 65% identical to residues 261-380 of 470 the product of BxeC0579. Based on this sequence analysis, the genomic context of the
gene and the fact that no other ferredoxin reductase gene was up-regulated on DhA, we postulate that BxeC0579 encodes a ferredoxin reductase functioning in DitA LB400 and, possibly, the DitQ monooxygenase. A common electron transport system, shared by both monooxygenase and dioxygenase systems, was previously demonstrated in the catabolic 475 pathway for naphthalene in Ralstonia sp. U2 (40) . Initial inocula were ~2 x 10 6 cells/ml for diterpenoid cultures or ~2 x 10 5 cells/ml for the succinate cultures, grown to mid-log phase on succinate. Numbers in brackets indicate standard error. All growth was carried out in K1 mineral salt medium with initial concentrations of 300 µM of diterpenoids or 1 g per litre of succinate. A replicate experiment with cells from an independent culture exhibited the same patterns of substrate removal and metabolite appearance. However, the independent experiments were slightly out of phase, so the data were not averaged. acid; V, 7-hydroxy-dehydroabietic acid; VI, 7-oxo-dehydroabietic acid; VII, 7-oxo-11,12-dihydroxy-8,13-abieadien acid; VIII,7-oxo-11,12-dihydroxydehydroabietic acid. 
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